It is crucial to develop low-cost and highly efficient catalysts for oxygen reduction reaction (ORR) which is the key process in electrochemical energy conversion and storage devices. Transition metal-based nanoparticles/carbon materials are an important class of non-noble metal catalysts that have attracted considerable research interest. The topic of this review is mainly focused on carbon encapsulated Fe/Cobased nanoparticles catalysts for ORR, and these catalysts are summarized in categories of metals, oxides, carbides, phosphides, sulfides and hybrid nanoparticles. The structures and morphologies of the carbon matrix as well as compositions of nanoparticles have great influence on the catalytic performance. Numerous catalysts display excellent ORR activity and stability in alkaline media but only a few are efficient in acidic media. In addition, challenges and further strategies on the development of this type of carbon encapsulated nanoparticles catalysts are also proposed.
INTRODUCTION
In the past decades, energy crisis and environmental pollution have been serious issues due to the development of industry. Therefore, the environment-friendly energy devices such as fuel cells and metal-air batteries have attracted significant attention [1] . At present, the sluggish kinetics of oxygen reduction reaction (ORR) hinders the widespread application of these energy conversion and storage devices [2] . Up to now, the most efficient catalysts for ORR are platinum-based electrocatalysts, but they suffer from scarce reserve, high cost, poor stability and tolerance to CO and methanol [3] . Many efforts have been made to explore non-precious-metal (NPM) catalysts and numerous publications have been reported on the design and synthesis of catalysts for ORR [4] [5] . Among various NPM catalysts, modified carbon materials have emerged as promising candidates due to the excellent electrical conductivity and large specific surface area. Currently, single or multiple non-metal atoms (e.g., B, N, S and P) and non-precious metal atoms (e.g., Fe, Co, Ni) were doped into carbon materials [6] [7] [8] [9] [10] [11] [12] , and both experimental results and density functional theory (DFT) calculations have revealed that the incorporation of heteroatoms could modify the intrinsic charge distribution of carbon and reduce the energy barrier of oxygen adsorption, and thus improve the ORR activity of catalysts [13] [14] [15] [16] [17] [18] .
Metal-based nanoparticles (NPs) were often generated by an annealing process [19] [20] [21] [22] [23] , and significant progress in metal-based NPs encapsulated within heteroatomdoped carbon catalysts for ORR has been reported [24] . During the annealing process, metal or other heteroatoms were doped into carbon matrix, and metal-based NPs were encapsulated by heteroatom-doped carbon layers. This encapsulation configuration has been studied indepth by Deng and co-workers [25] , and it was proposed that the confined metal NPs could decrease the local work function on the carbon surface through electron transfer, leading to the enhanced catalytic activity. The carbon layers also protected metal NPs from directly contacting with harsh environments (electrolytes, oxygen or other molecules), leading to excellent long-term stability. This type of electron interaction between the encapsulated NPs Institute of New Catalytic Materials Science, School of Materials Science and Engineering, Key Laboratory of Advanced Energy Materials Chemistry (MOE), Nankai University, Tianjin 300350, China and coating carbon layers appeared in many reported catalysts, and due to the diversity of NP species and porous carbon structures, multiple carbon-encapsulated NP electrocatalysts for ORR have been fabricated. The structure and porosity of carbon matrix could affect mass transport, electron transfer and exposure of active sites [26, 27] , and therefore the design of carbon materials with hierarchically porous structures is beneficial to efficient oxygen reduction process. In addition, NP species, sizes and distribution are also crucial factors that influence the synergistic effect between heteroatom-doped carbon layers and encapsulated NPs, and improving the dispersity of fine NPs is an effective strategy to create uniformly distributed active sites.
Diverse precursors and approaches have been reported to prepare catalysts with carbon-encapsulation structure. In this review, the topic is mainly focused on the recent progress in heteroatom-doped carbon catalysts with encapsulated Fe/Co-based NPs for ORR. In order to identify the role of NP species, these catalysts are summarized in categories according to the type of encapsulated NPs in six parts: Fe/Co metals, carbides, phosphides, oxides, sulfides and hybrid NPs. The effects of morphologies, carbon structures, NP species and other factors are discussed, and the ORR performances of these catalysts are listed and compared. Finally, challenges and perspectives of this rapidly growing field are proposed.
CARBON ELECTROCATALYSTS DECORATED WITH Fe/Co BASED NPs
In this section, synthesis methods and ORR activities of catalysts were discussed. Most of the reported NPs/carbon catalysts were efficient in alkaline media, but a few were efficient in acidic media (summarized in Tables 1 and 2). These encapsulation catalysts displayed excellent catalytic stability and methanol tolerance compared with platinum-based catalysts.
Fe/Co metal NPs
Varnell and co-workers [28] reported a remarkable research to reveal the active sites responsible for ORR activities. In their study, the catalysts containing carboncoated Fe particles and Fe-N species were treated by Cl 2 and H 2 at high temperature, respectively (shown in Fig. 1 ). Through characterization of the deactivated and reactivated catalysts, it was revealed that Fe-N species were not essential for ORR, while the Fe particles coated by N-doped carbon layers were responsible for the active ORR activity. Hence, the positive effect of N-doped carbon coated Fe NPs was proved. Strickland et al. [29] proposed that the electron transfer from Fe NPs to the Ndoped carbon shell contributed to the efficient ORR performance, indicating that both Fe NPs and N doping in carbon shell were crucial for the improved ORR activity.
Metal-organic frameworks (MOFs) have attracted great interest due to their diverse compositions and ordered structures. Fe/Co encapsulated catalysts were largely fabricated with MOFs as precursors. For example, the pyrolysis of iron-based MIL-100 generated Fe particles, which catalyzed surrounding carbon atoms to form graphitic carbon layers [30] . N-doped porous carbon with Co NP-embedded carbon nanotubes (CNTs) (Co-CNT/ PC) was prepared by annealing ZIF-67 with encapsulated Co 3 O 4 . The preloaded Co 3 O 4 NPs catalyzed CNTs growth and ZIF-67 was transformed into N-doped porous carbon [31] . Li et al. [32] designed a novel approach to prepare N-doped CNTs decorated with carbon-coated cobalt NPs with ZIF-67 as precursor. The outer surface of halloysite nanotubes (HNTs) with negative charge tended to adsorb Co 2+ , inducing the growth of ZIF-67 on the surface. After pyrolysis and etching process, the resulting catalyst with large surface area and hollow nanotube structure was obtained. Hybrid ZIF-67 with regulated Zn/Co ratio was explored by in-situ growth on the g-C 3 N 4 nanosheets, and the obtained carbon materials were closely related to the Zn/Co ratio of precursors (shown in Fig. 2 ). The onedimensional (1D) bamboo-like carbon nanotubes were highly efficient for ORR compared with two-dimensional (2D) nanosheets and three-dimensional (3D) CNT-framework, indicating the important role of carbon structure on ORR performances [33] . Annealing the mixture of cobalt salt and g-C 3 N 4 could obtain an efficient bifunctional electrocatalyst with a tetragonal microscopic structure [34] . N-heterocyclic carbene-Co complex was applied as the precursor to prepare Co NPs/carbon catalysts without metal-nitrogen bonding [35] . Based on experimental results, the ORR activity was contributed from the C-N sites surrounding Co NPs. The DFT calculations further demonstrated that the electron transfer from Co NPs to the N-doped carbon layers resulted in charge redistribution and decreased local work function on the outer carbon surface. While, Zeng and co-workers [36] proposed the Co-N-C moieties were active sites and the inner Co cores were not effective for ORR activities. However, it was reported that FeCo alloy NPs encapsulated in N-doped carbon were also active for ORR [37, 38] .
Taking the commercial application into account, the ORR performance in acidic media and the long-term stability are the most concerned parameters. To improve the ORR activity in acidic media, it is meaningful to introduce other heteroatoms (B, P or S) to modify the charge distribution of the catalysts. Park et al. [39] synthesized a N,S-codoped carbon catalyst with graphitic carbon shells-coated Fe NPs by a hard-template method, and the catalyst was efficient for ORR in acidic media due to the synergistic effect between N,S-codoped carbon and the encapsulated Fe NPs. Compared with the encapsulated metal NPs in N-doped carbon layers mentioned above, this catalyst displayed a superior ORR performance in acidic media, indicating the high se- introducing other heteroatoms into carbon matrix to regulate the structure of C-N sites was a feasible strategy to improve the ORR activity in acidic media. Moreover, in order to improve the stability of catalysts in harsh environment, some novel strategies were designed. For example, it was reported that a sandwich-like precursor, which could introduce iron ions into a 2D C 2 N matrix, was beneficial to obtaining catalyst with excellent durability [40] . MOFs were widely utilized to prepare carbon encapsulated Fe/Co metal catalysts. Most of these catalysts were highly efficient in alkaline media, and introducing sulfur into N-doped carbon matrix provided more active sites, resulting in effective catalysts in acidic media. However, it is still controversial whether Fe/Co-N moieties are effective for ORR.
Iron carbide NPs
Carbon encapsulated iron carbide NPs catalysts have been widely studied for ORR. A noteworthy publication which highlighted the importance of the encapsulated structure for iron carbide NPs was reported by Hu and co-workers [41] . Fe 3 C/C catalysts were synthesized by a one-step high-pressure pyrolysis method with ferrocene and cyanamide as precursors. The catalyst possessed hollow spherical structure with a negligible amount of nitrogen or metal on the surface, and the Fe 3 C NPs were encased by 4-9 graphitic layers. In alkaline media, Fe 3 C/ C-800 showed good activity comparable to the Pt/C catalyst. In acidic media, Fe 3 C/C-700 exhibited relatively good values of onset and half-wave potentials, but 100 mV lower than that of Pt/C. It displayed a low Tafel slope and a four-electron pathway dominated ORR process similar to Pt/C catalyst. Meanwhile, the catalyst exhibited excellent stability in acidic and alkaline media. It was proposed that although the NPs could not contact with the electrolyte directly, they played a vital role in activating the outer graphitic layers to catalyze the ORR process. In order to identify the effect of Fe 3 C or Fe 2 N particles on ORR activity, Sun et al. [42] designed Fe 3 Cand Fe 2 N-based catalysts with or without Fe-N x moieties in the carbon matrix. Based on experimental results, the high ORR activity was contributed by Fe-N x species instead of Fe 3 C or Fe 2 N. Meanwhile, DFT calculation results also demonstrated that the ORR activity of Fe-N x was much higher than that of Fe 3 C or Fe 2 N, consistent with the experimental results. Therefore, the effect of Fe 3 C particles on ORR performance is still in dispute.
Other carbon-encapsulated iron carbide NP catalysts with different morphologies and structures were synthesized via hard or soft template methods [43] [44] [45] . By pyrolyzing the mixture of melamine, P123 and Fe(NO 3 ) 3 , Yang and co-workers [43] reported a soft-template method to synthesize bamboo-like N-doped CNTs decorated with Fe 3 C NPs. It was claimed that P123 played the role of soft template, assisting the 1D growth of carbon, and the catalyst exhibited a superior ORR activity and stability due to the unique structure. Liu et al. [44] developed a colloidal amphiphile-templating method to control the formation of Fe 3 C nanocrystals encapsulated in mesoporous carbon nanospheres. Dopamine was applied to fabricate polymer nanospheres and ferric ions were absorbed into PDA nanospheres. The Fe-PDA na-nospheres were pyrolyzed under N 2 atmosphere and then etched to remove the residual silica, and Fe 3 C@mCN was obtained with ultrafine Fe 3 C NPs and mesoporous Ndoped carbon nanospheres. Tan et al. [45] synthesized Fe 3 C NPs encapsulated in iron-nitrogen-doped hollow carbon spheres by utilizing asymmetric triblock copoly-
Melamine-formaldehyde resin (M-FR) was used as the source of carbon and nitrogen, and after annealing micelle@M-FR spheres mixed with FeCl 3 , Fe 3 C-Fe-N/C composed of Fe-N-doped carbon spheres decorated with encapsulated Fe 3 C NPs was obtained. These examples revealed that the synergistic contribution of both composition and morphology resulted in the efficient ORR performance.
Electrospinning technique is a facile method which has been widely adopted to prepare heteroatom-doped carbon fibers with confined Fe 3 C NPs [46] [47] [48] . Ren et al. [46] synthesized porous core-shell Fe 3 C embedded Ndoped carbon nanofibers via an electrospinning method. In alkaline media, the onset and half-wave potentials of the obtained catalyst were more positive than those of Pt/ C. However in acidic media, the ORR activity was unsatisfactory. Li and co-workers [47] introduced phosphorus into iron carbide-based catalyst and reported the synthesis of 3D hybrid carbon nanowires by carbonizing the electrospun fiber [PVA/H 3 PO 4 /Fe(AC) 2 ] networks. The Fe/P/C nanowires catalyst displayed improved ORR activity in acidic media due to the abundant active sites (Fe 3 C@C units, Fe-P and P-C bonds) and the hierarchically porous structure. Zhong et al. [48] introduced MOF (MIL-88B-NH 2 ) nanocrystals into poly(acrylonitrile) fibers by electrospinning method, and the obtained catalyst possessed abundant well-dispersed Fe 3 C NPs and hierarchical pores, and exhibited improved ORR activity in acidic media. Therefore, abundant active sites and hierarchically porous structures are vital to further enhanced ORR activity. Addition of biomass carbonaceous fibers was another approach to obtain nanofiber catalysts [49, 50] . By pyrolysis of polymer and iron ions on surface of carbonaceous nanofiber, Fe-N-doped carbon nanofibers with encapsulated Fe 3 C NPs (Fe-N-CNFs) were obtained [49] . Instead of adsorbing iron ions, iron-tannin was applied as organic iron source to coat onto cellulose fibers, and this was beneficial to the formation of fine Fe 3 C NPs coated with graphitic layers (Figs 3, 4) , and the ORR performance of the catalyst was further enhanced [50] .
Besides nanofibers, sheet-like carbon materials with coated iron carbide NPs were also efficient to catalyze oxygen reduction [51] [52] [53] . For instance, Jiang et al. [51] adopted a facile method to prepare Fe-N-doped carbonsheets with Fe 3 C NPs by annealing the mixture of urea, glucose and iron nitrate. Liu et al. [52] synthesized carbon nanosheets with encapsulated iron carbide by annealing low-cost precursors mixture (melamine, FeSO 4 and 1,10phenanthroline). The obtained catalyst showed excellent ORR activity that outperformed Pt/C in alkaline media. Organic iron sources such as Fe-based MOFs and covalent organic polymers (COPs) were utilized to prepare carbon encapsulated iron carbide catalysts [54, 55] . It was reported that a Fe-based MIL-88B guest was introduced into a Zn-based ZIF-8 host to form a MOF-in-MOF structure. This structure guaranteed in-situ confined pyrolysis of MIL-88B nanorods and facile synthesis of Ndoped CNTs with small Fe 3 C NPs. The pyrolysis process confined within the carbon matrix derived from organic ligands could effectively prevent the aggregation of formed Fe 3 C NPs. Benefiting from the small size of these abundant Fe 3 C and the hierarchically porous N-doped carbon structure, the as-prepared Fe 3 C@N-doped CNTs exhibited a remarkable ORR activity in alkaline media [54] . Covalent porphyrin polymers (CPP) synthesized from terephthalaldehyde and pyrrole incorporated with iron chlorides (Fe-CPP) were converted into porous Ndoped Fe 3 C@Cs as reported by Kong et al. [55] , and the derived Fe 3 C nanocrystals with 10-50 nm particle size were encapsulated in N-doped carbon shells.
For the fabrication of encapsulated iron carbide catalysts, specific organic iron sources facilitate the formation of fine NPs. Increasing the density of encapsulated iron carbide NPs and introducing phosphorus into the carbon matrix to modify catalyst structures would contribute to superior ORR activity. In addition, hard or soft template methods could be adopted to synthesize hierarchically porous carbon materials which are favorable for mass transport and electron transfer.
Co/Fe phosphide NPs
Transition metal phosphide-based carbon materials have attracted considerable attention in water electrolysis (hydrogen and oxygen evolution reaction (HER/OER)). Recent studies proved that they also showed efficient ORR activity. Chen et al. [56] reported that electron interaction between embedded Co 2 P NPs and surface heteroatom-doped carbon could strongly promote the ORR catalytic performance. Heteroatoms doping played an important role to break the electroneutrality of carbon and facilitated oxygen adsorption, and the electron donor Co 2 P NPs further accelerated the process of oxygen reduction. Co 2 P NPs decorated heteroatom-doped mesoporous CNTs were fabricated by annealing the mixture of cobaltous acetate and highly cross-linked organic-inorganic hybrid polymeric nanotubes [56] . Subsequently, several carbon catalysts with cobalt phosphide NPs were designed to improve ORR activity [57] [58] [59] . For example, Meng et al. [57] synthesized CoP quantum dots (QDs) embedded in S,N-codoped carbon, and the organophosphoric acid could strongly couple with Co 2+ which ensured the small size of CoP during the annealing process.
Wang et al. [58] synthesized hollow porous N-doped carbon rods with encapsulated Co 2 P NPs via ball-milling. Jiang et al. [59] provided a supramolecular gel-assisted method to prevent the agglomeration of NPs and graphene embedded with Co 2 P particles was obtained. It is unfortunate that the ORR activities of above-mentioned catalysts are still unable to surpass Pt/C catalyst in alkaline media. Wang et al. [60] developed a novel approach and synthesized hierarchically porous carbon tubes embedded with CoP x NPs, and this catalyst displayed an outstanding ORR performance and surpassed Pt/C catalyst ( Figs 5, 6 ). In the study, pyridine-modified CNTs were mixed with melamine, phytic acid and porphyrin cobalt. For the obtained catalysts, CoP x NPs and CTNs were encapsulated in tubular carbon, and this hierarchically porous carbon matrix played an important role to improve the ORR activity, due to the excellent electron and mass transfer property. According to the previous reports, Fe-based catalysts were usually more efficient than the Co-based ones. By using phytic acid and folic acid as phosphorus and nitrogen precursors, Zhang et al. [61] synthesized FeP NPs embedded in N,P dual-doped porous carbon nanosheets (FeP@NPCs). The N,P-codoped carbon nanosheets achieved more active sites than the single heteroatom doped ones, and the obtained mesoporous FeP@NPCs exhibited outstanding activity and durability toward both ORR and OER in alkaline media. Xu et al. [62] synthesized iron phosphide NPs encapsulated into N,P-codoped carbon nanosheets by annealing low-cost precursors, and the catalyst exhibited efficient ORR catalytic activity and durability in both alkaline and acidic media. When the catalyst was treated to remove the FeP NPs, the ORR activity decreased observably. Therefore, it was proved that the synergistic effect between FeP NPs and heteroatom-doped carbon contributed to the remarkable ORR activity. Similarly, Hu et al. [63] synthesized Fe x P/N, P-doped carbon nanosheets for ORR over the whole pH range, and they also proved that Fe x P and N,P-doped carbon synergistically contributed to the high ORR performance.
Currently, the research of encapsulated Co/Fe phosphide NPs catalysts for ORR is insufficient and the activities are still undesirable. Phosphorus holds the similar valence electron structure with nitrogen, but it has stronger ability to donate electrons due to larger atomic radius and lower electronegativity than nitrogen. P-doped catalysts are expected to display efficient ORR performances, and the mechanism should be further explored to guide the development of highly efficient catalysts.
Fe/Co oxide NPs
Carbon materials with transition metal oxide NPs also played important roles in ORR [64] . Modified graphene oxide (GO), CNTs and other carbon substrates have been widely applied to improve mass transfer and electrical conductivity of the hybrid catalysts [65, 66] . A significant study was reported by Liang and co-workers [67] , in which Co 3 O 4 NPs were grown on N-doped GO by a hydrothermal method. The hybrid catalyst showed high ORR performance, although Co 3 O 4 itself exhibited little catalytic activities. Nitrogen doping in graphene further [69] . Carbon nanoweb (CNW) with 3D structure was prepared with cetrimonium bromide (CTAB) and polypyrrole. Co 3 O 4 or CNW alone displayed poor ORR activities, while the in-situ grown complex Co 3 O 4 -CNW had enhanced ORR performance, which provided strong evidence for the synergy of NPs and carbon supports. Similar results were found in iron oxidebased carbon catalysts [70] . Although the ORR activity was almost twice enhanced when α-Fe 2 O 3 was attached to CNTs, it was still inferior to Pt/C. Doping nitrogen into carbon substrates or creating hierarchically porous carbon structures were effective strategies to improve ORR activities. Qiu and co-workers [71] adopted nitrogendoped graphene to confine maghemite, and in the preparation process graphene was firstly modified with cyanamide, then~2 nm sized γ-Fe 2 O 3 NPs synthesized on N-doped graphene by hydrothermal reaction (Fig. 7) . Due to the combined effect of highly dispersed NPs and porous carbon substrates, the as-prepared catalyst showed better ORR performance than commercial Pt/C in alkaline media. Guan et al. [72] ). Different from the carbon encapsulated NPs catalysts, there were cases that no carbon-coating layers on the metal oxide NPs, and the bare oxide particles would suffer from dissolution or aggregation, leading to the decay of ORR activity. In order to resolve the durability issue, protection strategies were designed [73] . An active and stable catalyst Co 3 O 4 /CNT@C was prepared by annealing CNTs-Co 3 O 4 hybrid coated with polydopamine. The catalyst displayed excellent long-term stability superior to Pt/C, and there was only 21 mV negative shift after 10,000 LSV test cycles. Meanwhile, the current density remained 83% after 100,000 s as evaluated by a chronoamperometric response. Xu et al. [74] fabricated a highly efficient Fe 2 O 3 @Fe-N-C electrocatalyst via a facile in-situ pyrolysis method, and Fe 2 O 3 NPs covered with several graphitic carbon layers were encapsulated in carbon foams. In acidic media, the half-wave potential of Fe 2 O 3 @Fe-N-C was just 34 mV negative than that of Pt/C catalyst, and the relative current density remained 96.3% after 20,000 s.
The combination of metal oxide and carbon substrates resulted in the improvement of ORR activity than that with metal oxide or carbon substrates alone. Compared with bare NPs embedded into carbon matrix, carbon encapsulated metal oxide catalysts displayed better ORR performance and long-term stability. Therefore, it is a feasible strategy to in-situ generate heteroatom-doped carbon encapsulated metal oxide NPs by annealing process.
Fe/Co sulfide NPs
Fe/Co sulfide-based carbon materials are another class of NPs/carbon catalysts for ORR. Generally, there are two main approaches for fabrication of metal sulfide decorated carbon catalysts: direct pyrolysis of precursors containing metal and sulfur elements or further sulfidization. Chen and co-workers [75] prepared N,S-codoped porous carbon with cobalt sulfide by a one-step carbonization and sulfurization approach, and hydrogen sulfide gas was introduced into argon gas flow during the annealing process. Luo and co-workers [76] synthesized CoS decorated N,S-codoped GO by using Co(SCN) 2 and GO as precursors. The crystal phase changed from Co 4 S 3 to CoS via further sulfidization process, and the CoS decorated catalyst showed a lower overpotential compared with other reported cobalt sulfide/carbon materials. A CoS 2 /N,S-GO catalyst was prepared by direct pyrolysis of the GO and cobalt thiourea complex. Heteroatoms were doped into GO and CoS 2 NPs grew in situ on N,Scodoped GO concurrently [77] . Similarly, Fe 9 S 10 -decorated N,S-codoped GO was prepared with Fe,N,S-containing macrocycle compound and GO [78] . The ORR activities of above-mentioned catalysts were still not satisfactory. By annealing metanilic anions confined within cobalt-aluminum layered double hydroxides, the dispersity of Co 9 S 8 NPs was improved, and the catalyst exhibited highly efficient ORR activity and stability in both alkaline and acidic media (shown in Figs 8, 9 ) [79] . Some polymers containing rich nitrogen were utilized as carbon sources, such as polypyrrole and polydopamine, which confined metal ions during the pyrolysis process [80, 81] . Raisin bread-like N,S-codoped carbon spheres with iron sulfides NPs were prepared based on dopamine polymerization. The catalyst exhibited highly efficient ORR activity and stability in both alkaline and acidic media, and the reason could be ascribed to the high dispersity of Fe 1−x S NPs. Another direction to improve ORR activity is to construct hierarchically porous carbon substrates which are positive to mass transport and active sites exposure. Liu et al. [82] prepared hierarchically porous N,Scodoped carbon with FeS NPs, which showed efficient ORR activity outperforming that of Pt/C. However, a recently reported research showed that Fe 1−x S/S impaired the ORR activity [83] . Unexpectedly, a positive synergistic effect between Fe 1−x S/Fe 3 O 4 and N,S-doped carbon greatly improved the ORR performance. Currently, some studies revealed that Fe/Co sulfide NPs/carbon catalysts displayed efficient ORR activities due to the positive effect of Fe/Co sulfide; however some other studies claimed that metal sulfide had no ORR catalytic activity, or even impaired the activity. Therefore, the role of Fe/Co sulfide is still blurry and should be further explored.
Hybrid NPs
Hybrid NPs have also been reported to modify carbon [84] [85] [86] [87] . S,N-doped carbon nanosheets encapsulated FeS/ Fe 3 C hybrid NPs were reported by Wei et al. [84] , who adopted a glucose protective method to unroll and extend the wall of nanotubes. The authors proposed that FeS/ Fe 3 C hybrid NPs and the nanosheet structure synergistically contributed to the efficient ORR activity. Kong and co-workers [85] also prepared N,S-doped carbon with FeS/Fe 3 C NPs by using a novel precursor. Firstly, COFs polymers were synthesized via Suzuki coupling reaction, and then iron ions and dimethyl sulfoxide were absorbed into such polymers (Fe-Phen-COFs). After a pyrolysis process, the desired catalyst was obtained which displayed multiple electrocatalytic performances, and the enhanced activity was due to synergistic effect between the encapsulated FeS and Fe 3 C. Additionally, heteroatom-doped carbon encapsulated Fe/Fe 3 C hybrid NPs was reported efficient for ORR. A highly active Fe-N-C catalyst containing Fe-N x sites and Fe/Fe 3 C NPs was prepared by pyrolyzing the mixture of glucose coated CNTs, iron salt and melamine. The authors proposed that due to the presence of Fe/Fe 3 C NPs, Fe-N x sites were activated, and the ORR activity of catalyst was greatly promoted. Further results of DFT calculation showed this structure was beneficial to the adsorption of oxygen molecules [86] . Subsequently, N-doped flake-like carbon embedded with Fe/Fe 3 C NPs was synthesized via annealing the mixture of ZIF-8 and potassium ferricyanide, and the hybrid NPs synergistically promoted ORR activity [87] . Metal/metal oxide NPs modified carbon catalysts also showed excellent ORR performance. Core-shell Co@Co 3 O 4 NPs were rationally designed [88, 89] , and due to the formation of a Schottky barrier between metal core and semiconductor shell, this core-shell structure was beneficial to charge separation, which was supposed to enhance ORR activity. It was reported that N-doped CNT-grafted carbon encapsulated Co@Co 3 O 4 NPs was synthesized via two steps including annealing under H 2 / He and O 2 atmosphere, and the as-prepared catalyst displayed highly efficient ORR/OER activity in alkaline media. Wang et al. [89] also synthesized catalysts with similar structure. Cobalt ions were confined in polydopamine via polymerization of dopamine (Figs 10, 11) , and the obtained complex was annealed successively under N 2 and air atmosphere. Metal NPs treated under air atmosphere formed metal/metal oxide core-shell structure easily [90, 91] . In addition, there was the case that metal particles formed together with oxide NPs inevitably during an annealing process.
Comparison of ORR performances of the Fe/Co based NPs catalysts
The ORR performances of the above-mentioned catalysts were summarized in Tables 1 and 2, in which onset and half-wave potentials were listed for comparison with Pt/C in alkaline and acidic media, respectively. Generally the ORR performances of metals and carbides NPs/carbon catalyst were superior to those of phosphides, oxides and sulfides, and Fe-based catalysts were more efficient than Co-based catalysts. Heteroatom doping, active sites density and carbon structures affected the catalytic activity greatly. Heteroatom-doping disturbed the electroneutrality of carbon and modified the charge distribution on carbon matrix, thus reduced the adsorption barrier of oxygen. N-doped catalysts were more efficient than the undoped ones and N,S/P-codoped catalysts were superior to the N-doped ones. Furthermore, a hierarchically porous carbon matrix was favorable to mass transport and electron transfer, which were crucial factors for ORR process.
According to Table 2 , most of the listed catalysts did not exhibit high-efficiency in acidic media. The catalyst of doped carbon with Fe NPs prepared by a two-step pyrolysis process exhibited relatively good activity, due to the synergistic effect between the co-doping of S and N in the carbon matrix and the Fe NPs encapsulated in the doped carbon [35] . For the encapsulated NPs, the electrons would transfer from NPs to the coating heteroatomdoped carbon due to the synergistic effect; however the active sites located on the coating carbon matrix were mainly responsible for the ORR activity. The competitive formation of the Fe/Co based NPs would decrease the doping content of metal and heteroatoms in the carbon matrix, resulting in less active sites. Currently, Fe/N/S/C catalysts with abundant Fe-N x active sites have been reported efficient in acidic media, and it would be feasible to introduce abundant Fe-N x sites into carbon layers by multiple doping processes for better activity in acidic media.
SUMMARY AND OUTLOOK
The preparations, structural characterizations as well as ORR properties of a series of heteroatom-doped carbon with encapsulated or supported Fe/Co based NPs are briefly summarized including Fe/Co metals, carbides, phosphides, oxides, sulfides and hybrid NPs. These catalysts are generally synthesized by pyrolysis of precursors containing C, N, P, S and Fe/Co, or may be followed by further phosphorization/oxidization/sulfuration treatment. The precursors vary from small molecule substances to polymers, MOFs, COFs and so on. In addition, GO, CNTs or carbonaceous nanofibers could also be added to improve the electrical conductivity. Some strategies are applied to increase the dispersion of NPs and strengthen the bonding between particles and carbon supports, such as polymerization, ball milling, hydrothermal method and so on. Carbon materials with hierarchically porous structures are synthesized by hard or soft template methods. Although many efforts have been made to prepare Fe/Co based NPs/doped carbon catalysts, further exploration is still needed for the purpose of facile procedure, low cost and high ORR efficiency.
The ORR activities of catalysts in acidic media are significant for practical application, especially for polymer electrolyte membrane fuel cells (PEMFCs). Up to now, only a few catalysts are comparable to commercial Pt/C catalyst in acidic media, and it is a great challenge to develop highly efficient ORR catalysts in acidic media. For the encapsulated Fe/Co based NPs catalysts, the following strategies may be explored to enhance their performances in acidic media. i) As has been mentioned above, Fe/N/C catalysts with abundant Fe-N x active sites are efficient in acidic media. However, for the encapsulated NPs, the competitive formation of Fe/Co based NPs would hinder the content of Fe/Co doping in the coating carbon, and thus would decrease the active sites on the coating carbon. To solve this problem, multiple-step doping methods should be adopted to increase the doping of Fe/Co, nitrogen, phosphors or sulfur into the coating carbon matrix. ii) The synergistic effect between the encapsulated Fe/Co based NPs and the doped carbon is the key point in ORR for the encapsulated Fe/ Co based NPs catalysts. Further increasing the loading or decreasing the size of NPs, or decreasing the layers of the coating carbon would create more interface, and thus would enhance the synergistic effect, and new precursors as well as new pyrolysis processes would be expected to achieve those control conditions. iii) Certain encapsulated hybrid-NPs composed of different types of nanocrystals may improve the electron transfer effect on coating carbon, and it would be possible to employ specific functional molecules into precursors to obtain hybrid-NPs encapsulated in carbon. Compared with single type of NPs, the hybrid-NPs may exhibit unique synergistic effect to design heteroatom-doped carbon matrix and thus induce excellent ORR performance. There should be further mechanism research on atomic or molecular level in the future, because the true active sites for ORR are still vague at present. Although it has been proved that the synergistic effects between Fe/Co based NPs and carbon substrates improve ORR activity experimentally, the molecular level mechanism is not exactly clear. A precise mechanism can provide a right direction for design and synthesis of efficient catalysts. Insitu characterizations and theoretic calculations are greatly encouraged and the research results would provide a deep insight into the mechanism.
